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Abstract: Diphtheria toxin (DT) inhibits eukaryotic translation elongation factor 2 (eEF2) 
by ADP-ribosylation in a fashion that requires diphthamide, a modified histidine residue on 
eEF2. In budding yeast, diphthamide formation involves seven genes, DPH1-DPH7. In an 
effort to fiarther study diphthamide synthesis and interrelation among the Dph proteins, we 
found, by expression in E. coli and co-immune precipitation in yeast, that Dphl and Dph2 
interact and that they form a complex with Dph3. Protein-protein interaction mapping 
shows that Dphl-Dph3 complex formation can be dissected by progressive DPHl gene 
truncations. This identifies N- and C-terminal domains on Dphl that are crucial for 
diphthamide synthesis, DT action and cytotoxicity of sordarin, another microbial eEF2 
inhibitor. Intriguingly, dphl truncation mutants are sensitive to overexpression of DPH5, 
the gene necessary to synthesize diphthine from the first diphthamide pathway intermediate 
produced by Dphl-Dph3. This is in stark contrast to dph6 mutants, which also lack the 
ability to form diphthamide but are resistant to growth inhibition by excess Dph5 levels. As 
judged from site-specific mutagenesis, the amidation reaction itself relies on a conserved 
ATP binding domain in Dph6 that, when altered, blocks diphthamide formation and 
confers resistance to eEF2 inhibition by sordarin. 
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1. Introduction 

Diphthamide (2-[3-carboxyamido-3-(trimethyIamino)-propyI]-histidine) is an unusual modified 
histidine residue in eukaryotic translation elongation factor 2 (eEF2). It is the target of diphtheria toxin 
(DT) from Corynebacterium diphtheriae [1], and ADP-ribosylation of diphthamide by DT blocks 
protein synthesis by inhibiting eEF2 function. eEF2 in the budding yeast Saccharomyces cerevisiae 
contains diphthamide at position 699 (Figure 1) and like eEF2 from other eukaryotes can be 
ADP-ribosylated and inhibited by DT. 

Figure 1. Diphthamide synthesis on yeast translation elongation factor 2 (eEF2) and 
ADP-ribosylation by diphtheria toxin (DT). For details, see text. 
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cell death ADP-ribosyl-diphthamide diphthamide 



Studies in yeast have proved very useful for investigating diphthamide synthesis, which operates 
through a multi-step pathway that involves seven genes (DPHl-DPHT) [2-6]. It starts with the transfer 
of the 3-amino-3-carboxypropyl (ACP) group from S-adenosylmethionine (SAM) to the imidazole ring 
of His699 on eEF2 (Figure 1). This step depends on diphthamide synthesis factors Dphl-Dph4 and 
generates the ACP-modified intermediate of Hisegg (Figure 1) in a fashion that involves radical SAM 
and Fe-S enzyme chemistry [2,7-9]. Next, the latter undergoes trimethylation yielding diphthine in a 
reaction catalysed by diphthine synthase Dph5 and requiring SAM as methyl donor (Figure 1) [10,11]. 
Finally, diphthine amidation generates the end product diphthamide in an energy-dependent 
process involving Dph6 and DphV (Figure 1) [4-6]. The diphthamide imidazole ring is the site for 
NAD^-dependent ADP-ribosylation by DT, a modification (ADP-ribosyl-diphthamide), that irreversibly 
inactivates the translation flinction of eEF2 and leads to cell death (Figure 1) [12,13]. However, the 
intermediate diphthine is also a very weak substrate for inhibitory ADP-ribosylation [14]. Intriguingly, 
another eEF2 inhibitor, sordarin, which unlike DT blocks the eEF2-ribosome complex in yeast and 
fiingi, is also dependent on diphthamide formation on eEF2. This is why yeast dphl-dph7 mutants are 
resistant to growth inhibition by sordarin [15,16]. 
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In a further effort to study diphthamide formation in yeast and analyze interrelationships among 
individual components of the pathway required for diphthamide synthesis, we examine here genetic 
as well as biochemical interactions between the products of the DPHl, DPH2, DPH3, DPH5 and 
DPH6 genes. 

2. Results and Discussion 



2.1. Dphl Protein-Protein Interactions 

In an effort to further study diphthamide formation in yeast, we examined protein-protein interactions 
between Dphl, Dph2 and Dph3. Upon expressing (His)6-tagged versions of either Dphl or Dph2 in 
E. coli, both proteins were detectable with anti-(His)6 antibodies under denaturing conditions on 
Western blots (Figure 2A). Under native conditions, however, Dphl and Dph2 alone were hardly 
detectable, while mixtures of both proteins gave rise to strong signals in anti-(His)6 Western blots 
(Figure 2B). This implies that when in solution alone and in native conformation the (His)6 tag on 
each protein is buried and undetectable, whereas the (His)6 tags become detectable under native 
conditions when Dphl and Dph2 interact with one another and form a protein complex. Such a 
Dphl-Dph2 heterodimer is well in line with in vivo interactions seen between Dphl and Dph2 in 
yeast and mammalian cell systems [2,15] and suggests that Dphl-Dph2 complex formation might be 
physiologically relevant for diphthamide synthesis. 

Figure 2, (His)6-tagged Dphl and Dph2 expressed from E. coli interact with each other 
in vitro. (A) Anti-(His)6 Western blot following denaturing conditions (12% SDS-PAGE). 
(B) Western blot under native conditions (10% native PAGE, 0.5 x TBE). 
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Previously, it was shown that in yeast, both Dphl and Dph2 copurify with DphS potentially as part 
of a multimeric complex [15,17]. To gain flirther insights into formation of such a Dphl -Dph2 -DphS 
complex, we focused on Dphl and sought to identify regions crucial for interactions with Dph2 and/or 
DphS in vivo. Using PGR protocols for genomic manipulations [18], HA epitope-tagged versions of 
fiiU-length Dphl and progressive N- or C-terminal truncations (Figure SI) were generated in strains 
expressing c-Myc-tagged forms of Dph2 or DphS (Figure SA, C and D). Here, the rationale was to 
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identify non-functional Dphl truncation variants on the basis of resistance to DT and to sordarin 
(Figure 3B), both traits associated with Dphl defects [15,17], and then to examine their Dph2 and 
Dph3 interaction profiles using anti-c-Myc co-immune precipitation assays (Figure 3C and D). 



Figure 3. Use of DT and sordarin as diagnostic tools to map Dphl regions crucial for Dph2 
and Dph3 interaction. (A) Diagram illustrating the N- and C-terminal Dphl truncation sets 
(Figure SI) used to study Dphl function and interaction profiles. (B) DT and sordarin 
sensitivity assays. Serial cell dilutions of wild-type (wt), DPHl deletant {dphl A) and the 
strains indicated in panel A were grown in the absence (control) or presence of DT or 
sordarin. 'S' and 'R' denote sensitive and resistant traits, respectively. (C, D) Anti-c-Myc 
co-immune precipitation (IP) assays to study Dphl-Dph2 and Dphl-Dph3 protein-protein 
interactions. The presence of c-Myc-tagged Dph2 (panel C), Dph3 (panel D), the 
HA-tagged full-length Dphl (N, C) and the N- and C-terminal truncation variants of Dphl 
in the IPs were monitored by anti-c-Myc and anti-HA Western blots. In addition, the 
content of full-length and truncated forms of HA-tagged Dphl was checked by immune 
blots in the inputs (pre-IP). The positions of Dph2, Dph3 as well as full-length and 
truncation forms of Dphl are indicated by arrows. 
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As illustrated by the N-terminal truncation set (Figure 3C and D), which removed 60 (Nl), 90 (N2), 
120 (N3) and 150 (N4) amino acid residues from HA-tagged Dphl, the truncations N2-N4 and 
fiall-length Dphl were detected at similar levels together with some low-abundance degradation 
products in anti-HA Western blots. Nl levels, however, were slightly increased. Nl through N4 
conferred DT resistance and protection against growth inhibition by sordarin, both phenotypes the 
truncation mutants share with a DPHl deletion mutant (Figure 3B). 

This indicates that the N1-N4 truncations of Dphl are non-functional and have a defect in 
diphthamide synthesis. Intriguingly, this defect does not appear to result from their inability to form a 
Dphl-Dph2-Dph3 complex since the HA-tagged Nl truncation of Dphl (and to a lesser extent both the 
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N2 and N3 truncations) could be co- precipitated with c-Myc-tagged Dph3 (Figure 3D). Similary, the 
HA-tagged Nl truncation of Dphl was found to interact with c-Myc-tagged Dph2 (Figure 3C). These 
protein-protein interaction profiles rather suggest that a diphthamide defect can occur in spite of the 
intact Dphl-Dph2-Dph3 interactions. Presumably, the complex which is formed in the presence of the 
Nl truncation is no longer enzjmiatically active and therefore, unable to support formation of the ACP 
intermediate during diphthamide synthesis (Figure 1). 

Analysis of the C-terminal Dphl truncation set revealed that removal of the last 30 residues (CI) 
neither impacted on Dphl stability nor on interaction with Dph2 or Dph3, while larger truncations of 
60 (C2) and 90 (C3) residues caused severe Dphl instability and as a result, induced loss of Dph2 and 
Dph3 (Figure 3C and D) interactions. Although truncation CI supported Dph2 and Dph3 interactions 
(Figure 3C and D), it nonetheless conferred resistance to growth inhibition by DT and sordarin 
(Figure 3B). This reinforces the findings from the above N-terminal truncation set and shows that 
albeit crucial for functioning in the first diphthamide pathway step, assembly of the Dphl-Dph2-Dph3 
complex per se is not sufficient to initiate diphthamide synthesis (Figure 1). Our DPHl truncation 
analysis is consistent with a mutagenesis report on the DPHl gene from Chinese hamster ovary 
cells [19]. Here, it was shown that deletion of 91 amino acid residues from the C-terminus of DPH2 
was sufficient to block diphthamide synthesis and cause DT resistance, yet the truncated DPH2 was 
able to co-purify and interact with rodent DPHl [19]. 

Presumably, though dispensable for Dph2 and Dph3 interaction, the extreme N- and C-termini of 
Dphl are required to maintain the complex enzymatically competent and hence to support formation 
of the ACP intermediate (Figure 1). In the light of recent reports from archaea showing that ACP 
generation from SAM requires conserved cysteine residues (Figure SI) for the assembly of a [4Fe-4S] 
cluster in Dph2 [7,8], the N- or C-termini of Dphl may be required for proper Fe-S and radical SAM 
enzyme chemistry of the Dphl-Dph2-Dph3 complex. 

2.2. DPH5 Overexpression Toxicity Effects 

Recently, we showed that DPH5 overexpression from a galactose-inducible promoter is highly 
detrimental to the growth of dph mutants with a block at the first step of the diphthamide synthesis 
(Figure 1), but had little or no effect on wild-type, dph5 or dph6 cells [6]. To ask whether or not DPH5 
overexpression toxicity in the absence of ACP intermediate formation requires assembly of the 
Dphl-Dph2-Dph3 complex, we assayed the growth performance of the C1-C4 truncation mutants 
(Figure 3A) on galactose following transformation with the inducible DPH5 expression vector. As 
illustrated in Figure 4, growth of all four C-terminal DPHl deletion constructs including variant CI, 
which allows for Dphl-Dph2-Dph3 interactions (Figure 3C and D), was as sensitive to galactose as a 
dphl A null-mutant which was included as an internal control. Thus, the Dphl-Dph3 complex formed 
in the CI truncation mutant is not able to protect against growth inhibition by higher-than-normal 
levels of Dph5, suggesting that it is lack of ACP intermediate formation which determines DPH5 
overexpression toxicity. Intriguingly, we found previously that DPH5 cytotoxicity goes hand in hand 
with enhanced Dph5-eEF2 interaction profiles observed in dphl cells but not in wild-type or dph5 
cells [6]. Presumably, enhanced binding of Dph5 to inappropriately modified or unmodifed eEF2 may 
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be detrimental to the function of the translation factor and, as a consequence, is inhibitory to the 
growth of the dphl truncation and deletion mutants. 

Figure 4. Overexpression of DPH5 is growth inhibitory to dphl truncation and deletion 
mutants. Strains with the indicated genetic backgrounds (see Figure 3) and maintaining 
plasmid pGAL-DPH5 for galactose inducible overexpression of Dph5 were serially diluted 
and spotted onto glucose (2% glc) and galactose (2% gal) media to assay their response to 
DPH5 overexpression. Unaltered tolerance (T) and sensitive (S) responses are indicated. 
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2.3. DPH6 Mutagenesis 

Consistent with its functioning as a diphthine amidase in the last step of diphthamide synthesis 
(Figure 1), the DPH6 gene product contains three enzjmiatically relevant and conserved protein 
domains (Figure 5A). The amino-terminal ANH IV (Alpha ANH like lV) domain is predicted to 
bind ATP via a highly conserved sequence motif [E2i5GG(D/E)XE22o] [6]. We generated two dph6 
alleles encoding single amino acid substitutions in this region (E220A; E220H) and tested their 
functionality by monitoring ability to complement the sordarin resistance phenotype of a yeast 
dph6A null-mutant. As illustrated in Figure 5B, both alterations inactivate the function of Dph6, 
demonstrating that the ANH IV domain is critical for completion of diphthamide sjoithesis and 
sordarin sensitivity. The C-terminus of Dph6 contains two YjgF-YER057c-UKl 14 protein family 
domains (UKl 14: Figure 5A) that may have enamine/imine deaminase activity and be used to generate 
ammonia for diphthine amidation and diphthamide formation [6]. Truncation of Dph6 before these 
domains leads to an inactive protein [6], but as a more stringent test of the requirement for these 
domains we made point mutations in key, conserved residues in the context of the full-length protein. 
This confirmed that the UKl 14 domains in Dph6 are important for sordarin sensitivity and that, on its 
own, the ANH IV domain is non-functional (Figure 5B). Taken together, this suggests a direct, 
ATP-dependent role for Dph6 in the final amidation step of diphthamide synthesis (Figure 1), a 
notion that has recently been confirmed by an in vitro reconstitution assay showing that Dph6 has 
ATP-dependent diphthine amidase activity [5]. It will be interesting to determine the precise role of the 
UKl 14 domains in Dph6 and to test whether they might provide ammonium as the direct amide source 
for the final in vivo diphthamide synthesis step. 
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Figure 5. DPH6 mutagenesis identifies domains in Dph6 that are essential for its function 
in sordarin sensitivity and dipthamide synthesis. (A) Diagram showing the DPH6 wild- type 
and mutant constructs tested in (B), indicating the AIpha ANH Iike lV (ANH IV: red) 
and YjgF-YER057c-UKl 14 (UK114: blue) domains and the position of point mutations. 
(B) Ten-fold serial cell dilutions of a dph6A deletion strain carrying the constructs shown 
in (A) or the corresponding empty vector pSU6 were grown onto plates with or without 
sordarin. 'S' and 'R' denote sensitive and resistant traits, respectively. 
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3. Experimental Section 

3.1. DPHl and DPH2 Overexpression in E. coli 



For bacterial (His)6-Dphl and (His)6-Dph2 overproduction, we chose the pETDuet-1 (Novagen) 
expression vector and placed the yeast genes DPHl and DPH2 under control of the T7 promo ter//ac 
operator region using HindlWINotl {DPHl) and SaWNotl {DPH2) directional cloning. Both inserts 
were derived from PCR using BG1805 plasmid templates previously described [20] and 
primers specific to DPHl {Hindlll iw: 5'-CATAAGCTTATGAGTGGCTCTACAGAATCTAAA-3' 
and DPHl Notl rv: 5'-CATGCGGCCGCTTCAATCGCATGTTTCGGAGTTTCC-3') or DPHl 
{DPH2 Sail fw: 5'-CATGTCGACATGGAAGTTGCACCGGCCTTA-3' and DPH2 Notl rv: 
5'-CATGCGGCCGCTTTGTTTTCCTTTTTCATAG-3'). Protein production from the resulting 
expression vectors, pSV8 (DPHl) and pSV9 {DPH2), was done in E. coli strain BL 21DE3 Rosetta 
with 1 mM IPTG induction. After cell lysis, (His)6-Dphl and (His)6-Dph2 protein purification 
involved wash and elution steps in the presence of 20 mM and 500 mM imidazole followed by a 
second elution with 100 mM EDTA and dialysis against 20% (w/v) glycerol. Following protein 
separation under denaturing (12% SDS-PAGE) or native (10% PAGE in 0.5 x TBE) conditions, 
standard Western blots were run using anti-(His)6 antibodies (Santa Cruz Biotechnology). 
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3.2. DPHl Truncation Mutants 

N-terminal and C-terminal HA-tagging of DPHl full-length (N and C) and truncation alleles 
(N1-N4 and C-C4: Figure SI) was performed according to previously published in vivo PCR-based 
epitope tagging protocols using appropriate S3/S2 [18] or F4/R3 [21] primer pair combinations 
(Table 1). Tagged gene products were confirmed by Western blot detection with anti-HA antibodies 
(Santa Cruz Biotechnology); parallel DPH2-c-myc and DPH3-c-myc laggings and co-immune 
precipitation studies were as previously reported [15]. Diphtheria toxin (DT) growth assays in vivo 
involved expression of the toxin's cytotoxic ADP ribosylase fragment from vector pSU8 essentially as 
previously described [6]. For sordarin assays, the truncation mutants were cultivated at 30 °C on 
yeast peptone complete medium supplemented with 10 )j,g/mL sordarin sodium salt from Sordaria 
araneosa (Sigma-Aldrich). DPH5 overexpression toxicity assays used the galactose inducible plasmid 
pGAL-DPH5 and were essentially as described [6]. 



Table 1. Primers used for DPHl truncations and HA-tagging. 



Name 



Sequence (5'->3') 



Use 



52- DPH1 

53- DPH1 

53.1- DPH1 

53. 2- DPHl 

53. 3- DPHl 

53. 4- DPHl 
F4- DPHl 
R3- DPHl 
R3. 1 -DPHl 
R3. 2- DPHl 
R3.3-DPH1 
R3.A-DPH1 



GAATATGATACTAACTATTTATACATATGTAACAGGAAGACA 

AGTGACAACAAAAACTATTTAAAATCGATGAATTCGAGCTCG 

ATCCAATGGATTATTACGAAGCTAAAGGATACGGGCGTGGGG 

AAACTCCGAAACATGCGATTGAACGTACGCTGCAGGTCGAC 

TCAATAAACCACTATTAACACCATATGAGGCTAGTGTCTTACT 

AAAGAAACGTACGCTGCAGGTCGAC 

TTATTCTAAGTGAAGTTTTTCCCCAAAAGCTCGCAATGTTCGA 
TCAAATTGATGTTTTTGTTCAGCGTACGCTGCAGGTCGAC 
GTAGACAAGGTAATTTAAACACTGTAAAAAACTTGGAAAAAA 
ACCTGATCCGTACGCTGCAGGTCGAC 

TCACTAGAGAAGGATACGATCAAAAGCAACTCGTGGAAGTTA 

GAGCAGAGGCCATTGAAGTCGCTCGTACGCTGCAGGTCGAC 

AGAAATATAAATTCCTCATCCTGTGTTATAGAGAATCTTGGTG 

TTATCATTATAGTTCAGAAGTGGAATTCGAGCTCGTTTAAAC 

CCAATAAATCTTCTTCTTGGTTGTTTTTTAGATTCTGTAGAGCC 

ACTCATGCACTGAGCAGCGTAATCTG 

TTGTAGTTAGAGGGCAATAATTTGATGGCTTCATTCAACTCTT 
TGTCATTGCACTGAGCAGCGTAATCTG 

TCACTTATAATCAATGAGTAAATCAGCAAACCTTCAGGCATCT 
GTAGGGCTATTCTTTTAGCATTGCACTGAGCAGCGTAATCTG 
TCATCAATACAGCATGCACCATAAGACACATCCCCCATTACTA 
GAGTTTCGCACTGAGCAGCGTAATCTG 

AGTACTTTAATCTTTGTAACGTCAATAGGAACTAAACACGAAT 
GAGCGTAGCACTGAGCAGCGTAATCTG 



DPHl C-terminal 
HA tagging 
DPHl C-terminal 
HA tagging 
DPHl HA tagging 
& CI -truncation 
DPHl HA tagging 
& C2-truncation 
DPHl HA tagging 
& C3-truncation 
DPHl HA tagging 
& C4-truncation 
DPHl N-terminal 
HA tagging 
DPHl N-terminal 
HA tagging 
DPHl HA tagging 
& Nl -truncation 
DPHl HA tagging 
& N2 -truncation 
DPHl HA tagging 
& N3-truncation 
DPHl HA tagging 
& N4-truncation 



3.3. DPH6 Mutagenesis 

pDPH6 wt (pSU6) was generated by insertion of DPH6 into YCplacl 1 1 as previously described [6]. 
To generate the E220A and E220H dph6 mutants, pSU6 was digested with Agel and BsmBl and the 
small DPH6 fragment replaced by an identical S5aithetic fragment (Integrated DNA Technologies) 
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carrying the corresponding mutations, generating pMS63/64 (E220A) and pMS65 (E220H) (Figure 5A). 
The Age\-BsniS,\ region contributed by the sjnithetic DNA was verified by DNA sequencing. pMS66 
was similarly generated and verified, but by replacing the BsmQ\-Spe\ fragment within DPH6 with an 
equivalent synthetic fragment carrying the mutations F373A, N377A, R396A, Y449F, S450A, G467A, 
Q468A in residues conserved in YjgF-YER057c-lJKl 14 family proteins (Figure 5A). 

4. Conclusions 

We conclude that Dphl and Dph2 interact in vitro and that the first step of diphthamide formation 
on eEF2 requires a complex formed in vivo between Dphl, Dph2 and Dph3. Blocked diphthamide 
synthesis on eEF2 associates with cell growth inhibition by excess levels of Dph5, the s5Tithase 
required to form the second diphthamide pathway intermediate diphthine. Diphthine amidation by 
diphthamide synthetase requires ANH IV and UKl 14 protein domains on Dph6 that are enzjmiatically 
significant and confer sensitivity to sordarin, a diphthamide-dependent eEF2 inhibitor with antifungal 
properties. 
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